With 210 genera and 2010 species, Cyprinidae is the largest freshwater fish family in the world. Several papers, based on morphological and molecular data, have been published and have led to some solid conclusions, such as the close relationships between North American phoxinins and European leuciscins. However, the relationships among major subgroups of this family are still not well resolved, especially for those East Asian groups. In the present paper, the mitochondrial DNA (mtDNA) control region, 896-956 base pairs, of 17 representative species of East Asian cyprinids was sequenced and compared with those of 21 other cyprinids to study their phylogenetic relationships. After alignment, there were 1051 sites. The comparison between pairwise substitutions and HKY distances showed that the mtDNA control region was suitable for phylogenetic study. Phylogenetic analysis indicated that there are two principal lineages in Cyprinidae: Cyprinine and Leuciscine. In Cyprinine, the relationships could be a basal Labeoinae, an intermediate Cyprininae, and a diversified Barbinae (including Schizothroaxinae). In Leuciscine, Rasborinae is at the basal position; Gobioninae and Leuciscinae are sister groups; the East Asian cultrin-xenocyprinin taxa form a large monophyletic group with some small affiliated groups; and the positions of Acheilognathinae and Tincinae are still uncertain.
Introduction
Cyprinidae is the world's largest primary freshwater fish family, which is widely distributed around the world except in Australia and South America (Nelson 1994) . With 2010 species in 210 genera distributed in a large variety of habitats, Cyprinidae is an excellent group for biological studies. The use of cyprinids in aquaculture, as tools for genetic and physiological investigations, is indeed very common. However, the relationships among the main lineages of cyprinids still remain unclear, and even the monophyly of the whole family is sometimes in doubt (Howes 1991) .
Traditionally, cyprinids were grouped as different subfamilies according to their morphological characters (Gunther 1868; Regan 1911; Berg 1940; Gosline 1978; Chen et al. 1984) . Depending on the authors, the number of subfamilies was very different. Hensel (1970) had a very detailed review of this history. Normally, cyprinids could be divided into many small groups. In North America, there are about 50 genera with 270 species mainly attributed to phoxinins. In Europe, there are about 82 species: mainly leuciscin species, plus one species of bitterling; the monotypic genus Tinca; gobio species; and barbus species. In Africa, there are about 23 genera with 475 species from only three tribes: barbins, labeonins, and rasborins. In Asia, there exist about 1200 species, with the greatest generic di-minae, Cultrinae, Elopichthyidae, Hypophthalmichthyinae, and Xenocyprininae), and suggested three major groups in Leuciscinae: leuciscin-abramadin-chodrostomin group (in Europe), Phoxinus spp. group (in North America), and cultrin-xenocyprinin group (in Asia). However, this classification was largely ignored by later authors (Howes 1991; Nelson 1994) . Although failing to give a hypothesis on the relationships of cyprinids, Howes (1991) suggested seven subfamilies (Cyprininae, Gobioninae, Acheilognathinae, Leuciscinae, Cultrinae, Alburninae, and Rasborinae), which were adopted by Nelson (1994) .
For these morphological studies excluding Howes (1991) , the classifications of subfamilies and the placements of genera are roughly in agreement (e.g., the two major lineages; the divisions of major subgroups; the close relationships between Eurasian leuciscins and North American phoxinins; the East Asian cultrin-xenocyprinin relationships; the monophyly of the tribe Cyprinine or Barbine excluding the genus Tinca; etc.). The disagreements lay in the placement of the many East Asian small groups like the genera Zacco and Squalibarbus. Gosline (1978) and Cavender and Coburn (1992) related most of these East Asian small groups to cultrin-xenocyprinin, whereas Chen et al. (1984) separated them to Rasborinae and Leuciscinae (Table 1) . However, Howes (1991) gave very different opinions, particularly in the definition of the subfamily Alburninae, the placement of the genus Xenocypris in Leuciscinae, and the placement of the genus Squalibarbus in Cyprininae. Chen et al.'s (1984) hypothesis (a); rerun cladogram by Cavender and Coburn (1992) based on Chen et al.'s (1984) data set (b); Cavender and Coburn's (1992) hypothesis (c); and Gilles et al.'s (2001) 
hypothesis (d).
In recent years, numerous efforts have been devoted to clarifying the relationships among cyprinids using molecular techniques (Briolay et al. 1998; Gilles et al. 1998 Gilles et al. , 2001 Zardoya and Doadrio 1999) . In particular, Gilles et al. (2001) analyzed the 16S ribosomal DNA gene, control region, and cytochrome b gene of European cyprinids and suggested the following cyprinid intrarelationships: Rasborinae at the basal position (three major lineages), then Cyprininae, Tincinae, Acheilognathinae, Gobioninae, and Leuciscinae emerging sequentially (Fig. 1d) Compared with morphological studies, molecular data strongly supported the fact that North American phoxinins and European leuciscins are closely related. Therefore, the subfamily Alburninae defined by Howes (1991) is not a monophyletic group because the genus Alburnus should be included in the European leuciscins. Molecular data (but not by Gilles et al. 2001 ) also roughly supported two major lineages in cyprinids: Leuciscine and Cyprinine (or Barbine), although there are still many controversial results on their intrarelationships (especially those related to the East Asian groups). At present, only the study by Cunha et al. (2002) involved some East Asian groups, but their relationships were not well resolved (e.g., the monophyly of the cultrinxenocyprinin group, the Acheilognathinae species, and the Gobio-related species).
In the present paper, by means of analyzing sequence variations of the mtDNA control region, the sampling of many East Asian taxa was conducted to study the relationships among cyprinids, with emphasis on East Asian groups, and to test previous morphological and molecular hypotheses such as whether there are two or three principle lineages, the relationships in Cyprinine, and the positions of xenocyprinins and other Asian small groups.
Materials and methods

Taxa analyzed and DNA extraction
Since many studies based on both morphological and molecular data have shown that cyprinids are monophyletic (Gilles et al. 2001; Liu et al. 2002) , the outgroup sampling in the present paper was very simple and included only Crossostoma lacustre and Myxocyprinius asiatics. As for the ingroup, it included some representative species of the East Asian taxa sampled for DNA sequencing together with some other cyprinids, especially the European group whose sequences were downloaded from GenBank for comparison. Although the sequences of many cyprinids are available from the GenBank, only those with complete sequences and special taxonomic significance were chosen. Table 1 listed all the taxa analyzed in the present paper with the classification following Chen (1998) . The taxa sampled in the present study covered most subgroups of East Asian cyprinids, (e.g., the papillose and smooth mouth gobionins, different types of cultrin species, many Asian small groups, etc.).
Muscles from museum alcohol-fixed specimens were used for DNA extraction. All specimens belong to the Institute of Hydrobiology, Chinese Academy of Sciences. Total DNA was extracted using standard proteinase K digestion, but the temperature and length of time for the digestion process was modified to 56°C and 12 h, respectively, and with the phenol extraction protocols (Kocher et al. 1989 ). 
DNA amplification and sequencing
The fragments containing mtDNA D-loop region were obtained by polymerase chain reaction (PCR) amplification. According to complete mtDNA sequences of the common carp (Cyprinus carpio) and the Tasseled-mouth loach (Crossostoma lacustre), primer sets DL1 (ACC CCT GGC TCC CAA AGC) and DH2 (ATC TTA GCA TCT TCA GTG) were designed for this study, which are located on tRNA proline (tRNA pro ) and tRNA phenylalanine (tRNA phe ), respectively. PCR amplification was performed at an initial denaturation step at 94°C for 2 min, followed by 40 cycles at 94°C for 30 s, 50°C for 30 s, and 72°C for 1.5 min. The amplified fragments were purified with the Glassmilk DNA purification kit (BioStar, Toronto, Ont.) following the manufacture's instruction. The purified fragments were sequenced by Shanghai Genecore Biotechnologies (Shanghai, China).
Sequence alignment and phylogenetic analysis
The nucleotide sequences were aligned with the CLUSTAL X multiple alignment program (Thompson et al. 1997 ) and refined manually. The end point of tRNA pro and start point of tRNA phe were used to determine the beginning and ending points of the control region. Phylogenetic analysis was performed with MEGA version 2.1 (Kumar et al. 2001) , PAUP* version 4.0 (Swofford 1998) , and TREE-PUZZLE version 5.0 (Strimmer and von Haeseler 1996) , using the neighbor-joining (NJ) (Saitou and Nei 1987) , maximum-parsimony (MP), and maximum-likelihood (ML) methods, respectively. Bootstrap analyses (Felsenstein 1985) or quartet puzzling support values were used to examine the confidence of nodes.
Nominations
Because of the classification confusions in Cyprinidae, the nominations might be different. In the present paper, the ending "inae" was used to indicate subfamilies that have ever been defined; "in" was used for groups of presumably related genera; "ine" was used for the two principle lineages (Cyprinine and Leuciscine), which were the same as the two subfamilies Cyprininae and Leuciscinae of Cavender and Coburn (1992) .
Results
Sequence variations and their phylogenetic values
The length of mtDNA control region in our sampled species ranged from 896 to 956 base pairs, and the average base composition was 32% thymine (T), 20.8% cystine (C), 33% adenosine (A), and 14.2% guanine (G), with the T and A contents higher than that of C and G. This composition was very similar to that in other Cypriniformes (Liu et al. 2002) . After alignment, there were 1051 sites of which 822 were variable ones and 639 were parsimony informative ones. According to some conservative sequence blocks, the sequences were partitioned into three domains: extended termination associated sequence (ETAS) domain, conserved central domain, and conserved sequence block (CSB) domain. They have 305, 354 and 392 sites, respectively. The variable and parsimony informative sites are 267 and 210 for the ETAS domain, 268 and 205 for the central domain, 287 and 224 for the CSB domain.
Pairwise-inferred substitutions were compared with HKY distance. This comparison showed that neither transitions nor transversions had reached saturation, which indicated that they could be used for phylogenetic analysis (Fig. 2) .
Phylogenetic analysis
The P distance was used to construct the NJ tree and 1000 replicates of the bootstrap test was performed to reveal robustness of the nodes. A bootstrap consensus tree is shown in which most relationships are resolved (Fig. 3) . It is evident that there are two main clades in the NJ tree: Cyprinine and Leuciscine. Lineage Cyprinine consisted of Barbininae, Cyprininae, Labininae, and Schizothroacinae; the lineage was very similar to the subfamily Cyprininae defined by Howes (1991) except for the genus Squaliobarbus, which we exclude. In the lineage Leuciscine, the Danioninae (Rasborinae) is at the basal position and is followed by Acheilognathinae and Tincinae. For the other taxa, Leuciscinae and Gobioninae form one monophyletic group, whereas Xenocyprininae and Cultrinae form another monophyletic group, with Squaliobarbini and the genus Zacco related to this group.
The MP analysis with heuristic search resulted in six most parsimonious trees. The bootstrap 50% majority rule consensus tree is presented with a topology very similar to that of the NJ tree, but with more polychotomic relationships (Fig. 4) . Like the NJ tree, the MP tree reveals several major monophyletic groups, such as lineages Cyprinine and Leuciscine, cultrin-xenocyprinin-squalibarbusin group, and gobioninaeleuciscinae group. However, the positions of Tincinae and the genus Zacco have become uncertain in this analysis.
Ten thousand steps of quartet puzzling analysis resulted in a not completely resolved tree with the log L = -18 090.32, where L is the estimate of likelihood. The quartet puzzling tree is shown with its topology very much resembling those of the NJ and MP trees (Fig. 5) . Relationships supported by the NJ and MP trees again are supported highly, whereas the positions of Tincinae and the genus Zacco are still uncertain.
Discussion
Phylogenetic significance of the mtDNA control region
Up to now for molecular phylogenetic analysis of cypri- nids, the mtDNA cytochrome b gene and control region have been used. The mtDNA control region was regarded as the most rapidly evolving part and was not suitable for study of high-level relationships (Brown 1985; Lee et al. 1995) . However, compared with the cytochrome b gene, the rate of mutations in the control region was slow in some animals, as well as being common in cyprinids (Brown et al. 1986; Shedlock et al. 1992; Taylor et al. 1993; H. Liu, unpublished) . Thus, the control region should bear some information for high-level group relationships. Absolute saturation analysis of the control region by Gilles et al. (2001) showed a rather linear plot without any plateau for both transitions and transversions. In the present paper, pairwise-inferred substitutions were compared with HKY distances and the comparison showed that neither transitions nor transversions had reached saturation, which indicated that they could be used for phylogenetic analysis. Saccone et al. (1991) proposed that the high degree of similarity of the central domain is suitable for phylogenetic analysis. Liu et al. (2002) analyzed the familial relationships of Cypriniformes and proposed that different domains bear information for different levels of phylogenetic analysis. In the present study, if the variable ETAS domain was deleted, the high-level group relationships remain the same, but the relationships of lower Fig. 3 . Neighbor-joining (NJ) tree analyzed with MEGA version 2.1 based on the mtDNA control region of cyprinids. This tree is a bootstrap consensus tree where numbers at nodes represent the percentage of 1000 bootstrap replications; only values above 50% are reported. The p distance was used, and both transitions and transversions were included. Note the ending "inae" was used to indicate subfamilies that have ever been defined; "in" was used for groups of presumably related genera; "ine" for the two principle lineages (Cyprinine and Leuciscine), which were the same as the two subfamilies Cyprininae and Leuciscinae of Cavender and Coburn (1992) . ent study, analysis of samples from all subgroups support the fact that they form a monophyletic group and that their relationship could be a basal Labeoinae, an intermediate Cyprininae, and a diversified Barbinae (including Schizothroaxinae), which is in agreement with Chen et al. (1984) , Cavender and Coburn (1992) , but contradictory to Gilles et al. (2001) . Within the lineage Leuciscine, morphological data supported the fact that Acheilognathinae and Gobioninae formed a sister-taxon relationship (Chen et al. 1984) . However, this was never supported by molecular data. Actually, most molecular data supported the fact that Gobioninae had close relationships with Leuciscinae as shown in the present study, whereas Acheilognathinae was at a more basal position. Many authors, as well as ourselves, have included Gobiobotini within Gobioninae (Chen et al. 1984) . Both NJ and ML trees support the fact that Gobioninae taxa form a monophyly even though it is not supported by the MP tree; however, the monophyly of Gobioninae has support from morphological characters (Chen et al. 1984) . In the tree proposed by Cunha et al. (2002) , taxa of three subfamilies (Acheilognathinae, Gobioninae, and Barbinae) were scattered in very different branches, which was not the case in the present study.
Maybe the most striking result in the present study is the fact that the East Asian cultrin-xenocyprinin taxa form a large monophyletic group with some small groups affiliated to it. Gosline (1978) suggested three major groups in the Leuciscinae: leuciscin-abramadin-chodrostomin group, Phoxinus group, and cultrin-xenocyprinin group. The cultrinxenocyprinin relationships were supported by morphological characters (Chen et al. 1984; Cavender and Coburn 1992) and by molecular data (Cunha et al. 2002) even though the cultrin-xenocyprinin relationships proposed by Cunha et al. (2002) were not so pure owing to the inclusion of species of the genus Gobiobotia. The present study strongly supports the monophyly of the East Asian cultrin-xenocyprinin group, and the placements of genera are roughly in agreement with most morphological studies (Cavender and Coburn 1992) . Howes (1991) restricted Cultrinae to some limited genera and suggested the placement of the Hemiculter group, which was placed in Cultrinae by Chen et al. (1984) , in Alburninae. Meanwhile, he suggested that xenocyprinins were related to leuciscins or were concretely related to the genus Abramis (Howes 1991) . Interestingly, in the present study, the Cultrinae species (sensu Howes 1991) form one monophyletic group, whereas the Hemiculter group has closer relationships with Xenocyprinini. Gosline (1978) also discussed positions of some East Asian small groups and suggested that some of them are related to the cultrins (genera Aphyocypris, Zacco, etc.), whereas others are uncertain (genera Ochetobius, Squaliobarbus, etc.) . Although Howes (1991) suggested that the genus Squaliobarbus belongs in the lineage Cyprinine, Cavender and Coburn (1992) argued that all these groups could belong to Xenocyprinini or Cultrini. The present study showed that these groups were affiliated to the cultrinxenoxyprinin group. Therefore, the cultrin-xenocyprinin group should be enlarged to include these Asian small groups.
Tincine is the most disputed group in cyprinids. It has been assigned to Cyprinine and Leuciscine by different authors (Chen et al. 1984; Howes 1991; Cavender and Coburn 1992) . The present study supports its position in the lineage Leuciscine, but its exact position is unresolved.
In summary, the present results are largely in agreement with the morphological studies by Gosline (1978) , Chen et al. (1984) , Cavender and Coburn (1992) , but are contradictory to that of Howes (1991) . Because more Asian taxa were sampled, the relationships proposed by the present study were much clearer than previous molecular studies. In Cyprinidae, there are two principal lineages: Cyprinine and Leuciscine. In the lineage Leuciscine, some major monophylies could be identified, especially the cultrinxenocyprinin group and the affiliated taxa. To reflect these phylogenetic results, the cultrin-xenocyprinin group could be named Xenocyprinidinae, as it was the earliest name used for this group (Gunther 1868) . Although the present study provides a good start towards our understanding of the overall relationships of cyprinids, detailed intrarelationships and limits of the subgroups still need further study, especially relationships among the cultrin-xenocyprinin group, the many Asian small groups, the African rasborins, etc. In the future, more taxa should be sampled to address these points. 
